We describe the possibility of using a microresonance Raman spectrometer combined with a microfluidic system and optical tweezers to study Escherichia coli ͑E. coli͒ overexpressing wild type ͑wt͒ neuroglobin ͑NGB͒ and its E7Leu mutant, respectively. NGB is a recently discovered heme protein and its function still is a matter of debate. So far, the protein has been studied in its purified form, and in vivo measurements on the single cell level could give more information. To study the feasibility of the combined techniques, the possibilities of the setup are investigated by taking spectra from single cells and clusters of cells. We find that the microresonance Raman technique enables studies of the wt NGB protein in a living cell under fluctuating aerobic and anaerobic conditions. E. coli cells overexpressing wt NGB are stable, and the reversible oxygenationdeoxygenation can be studied over a long period of time. Further, the experiment indicates the presence of an enzymatic system in the bacteria reducing the ferric form NGB. The study of E. coli cells overexpressing E7Leu NGB, on the other hand, gives insight into limiting factors of the setup, such as cell lysis, photoinduced chemistry, and protein concentrations.
Introduction
Hemoglobins ͑Hb͒ can reversibly bind to dioxygen or other small ligands, and their main purpose is to transport oxygen to local tissues through the vascular system. The iron atom is the ligand binding site of the protein and is found in the heme prosthetic group. After binding of the iron atom to the proximal histidine residue, there is one remaining axial coordination site on the distal side available for ligand binding. The binding site is termed penta-coordinated if accessible for exogenous ligand binding, or hexa-coordinated if an amino acid side chain is connected to the site through an H-bridge. The main difference between the two forms is that biomolecular reactions are fast and straightforward in traditional pentacoordinate globins, whereas ligand binding to hexacoordinated globins involves a competition between the exog-enous ligand and intramolecular coordination by the local amino acid ͑histidine͒ side chain. Thus, hexa-coordination is considered an alternative mechanism for regulating ligand binding to the heme, and new interest in the function structure relationship of heme proteins has begun. 1, 2 A milestone within the heme-research was set in the year 2000 when Burmester et al. discovered a new mammalian globin predominantly expressed in the brain and therefore termed neuroglobin ͑NGB͒. 3 Surprisingly, neuroglobin is the first mammal globin found to be in a hexa-coordinated low spin form both in the deoxy and oxy form, giving rise to many studies and suggestions on the still unknown function of the protein. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The proposals are manifold: the globin might have a myoglobin-like function in the O 2 metabolism, and it may protect neuronal cells from hypoxic-ischemic insults. 18 Also, it might function as an oxidative stress-responsive sensor protein, or participate in a signal transduction pathway that modulates activities of regulatory proteins in response to changes in O 2 , CO, and NO concentrations. There is also the alternative of neuroglobin sustaining NO/ O 2 scavenging and or reactive oxygen species ͑ROS͒ detoxification. It has also been found that oxygenation and carbonylation are linked to the redox state of the cell via intramolecular disulphide bridge formation/dissociation. 10 However, the observations were made in vitro and no data are so far available about the physiological function of this disulfide bridge in vivo. 20 In the course of our previous studies on the NO-binding of neuroglobin proteins, 5, 22 we discovered that the oxidation of neuroglobin in cell lysates obtained from E. coli cells overexpressing neuroglobin is very slow in contrast to the fast autoxidation rate reported for these proteins. 23 Several in vitro experiments on the cell lysates strongly indicate the presence of an enzymatic system capable of reducing the ferric form of neuroglobin, and similar effects were observed in eukaryotic cells ͑data published elsewhere 24 ͒. For many of the biological relevant ligand-binding functions ascribed to globins, the reduction of the ferric globin is postulated to play an important role, although little or no information is available on the identity and in vivo working of the enzymatic systems that facilitate this reduction. 25 Our findings on the reduction of neuroglobin in E. coli as well as eukaryotic cells prompted us to investigate the possibility of observing the redox reaction in living cells, preferably on a single cell level, and thus probe directly the influence of changing external conditions, such as pH or oxygen levels, on the oxidation state of the globin. To enable in vivo measurements on the single cell level, we combined Raman spectroscopy with a microfluidic system and an optical trap.
Recently, we demonstrated how the combination of a micro-Raman spectrometer with a microfluidic system and optical tweezers can be used to study the oxygenation cycle of hemoglobin in optically trapped single red blood cells. 26 Resonance Raman spectroscopy is an excellent tool to investigate heme proteins. The resonance effect is strong enough to investigate the heme group without interference by surrounding media or other components of the sample, and therefore enabling whole cell studies. 27 Microfluidic systems are miniature structures of channels and reservoirs that give control over the diffusion of substances and chemical reactions in a confined space. They have become important tools in biomedicine and biochemistry, since they can mimic in vivo conditions in an in vitro environment. [28] [29] [30] Such flow systems can easily be integrated into existing experimental setups due to their small sizes. Because of the flow, the cells under investigation need to be immobilized. Optical tweezers are ideal tools to avoid cell damage while guaranteeing stable immobilization of cells. 31 The method is based on the fact that the photon momentum of light can be transferred onto small objects. A high gradient field close to a tightly focused Gaussian laser beam creates a force strong enough to trap micron-sized dielectric particles in three dimensions. Since the introduction of optical tweezers, they have become a significant tool in biochemistry. [31] [32] [33] [34] Given the fact that the previously described approach of combining a microresonance Raman setup with optical tweezers and a microfluidic system holds promise for investigations on diverse heme-protein-containing cells, 26, 35 this method presents a possible strategy for tacking the earlier mentioned observation of the redox processes in cells ͑over͒expressing NGB. Ideally, the method should be used to observe NGB in eukaryotic cells. However, the protein is found in low concentrations in brain tissue 3 and can therefore not be directly used for the experiment, since the blood hemoglobin corrupts the experimental results even for perfused brains. Furthermore, the culture of nerve cell lines is not straightforward and gives low yield. In this work, we therefore use E. coli bacteria overexpressing wild-type ͑wt͒ human NGB and its E7Leu mutant ͑His at position E7 substituted by Leu͒ to test the applicability and modifications of the microresonance Raman method. The choice of the system is also interesting in view of the earlier observation of the presence of an enzymatic system. The main adjustment to the technique is that the system now is equipped with a gas-tight flow cell coupled to a continuous pump. This gives the opportunity to vary the oxygen concentration in the buffer flushed through the gas-tight cell, which triggers oxygen release or binding of the heme.
As mentioned before, this method has previously proven to be feasible for studies of the oxygenation cycle of single red blood cells containing 33% of Hb and having a size of 100 m 3 . The question we try to answer in this work is if it will hold to study single E. coli bacteria being about 100 times smaller with approximately 10 times less protein concentration. Therefore, part of the current study is dedicated to investigating the sensitivity of the setup, effects of laser power and optical trapping, and the possibility to visualize responses of the oxygenation state of the globin to environmental changes. The advantages and disadvantages of the technique are discussed. Finally, the current observations are linked to our earlier findings.
Materials and Methods

Setup
For this study, a home-built microscope equipped with a microfluidic system and optical tweezers were combined with a Raman spectrometer, as shown in Fig. 1 . The flow cell used consisted of a flat Plexiglas ring ͑ =5 mm, h = 0.5 mm͒ that was tightly sealed with vacuum grease between two cover glasses. The cell was flushed by a continuous pump connected to a switch leading to two buffer-containing vessels purged with air or N 2 , respectively. This system enabled us to vary the aerobic conditions in the flow cell while simultaneously monitoring spectral changes. A Kr-ion laser tuned to 413.1 nm was used as an excitation source for the Raman measurements. The excitation and backscattering collection system consisted of an inverted microscope equipped with a 60ϫ water-immersion objective ͑NA= 1.2͒. The laser light was guided into the microscope by a dichroic mirror ͑DM1͒, reflecting 413.1 nm while transmitting the rest of the visible light. The Raman backscattered light was guided into a XY Dilor Raman spectrometer equipped ͑gratin 1800 G / mm͒ by a second dichroic mirror ͑DM2͒, and thereafter passing a 10 ϫ objective to match the f ratio of the spectrometer entrance ͑f /6͒. The spectra were recorded by a liquid-nitrogen-cooled charge-coupled device ͑CCD͒ camera. Since the image of the laser focus in the sample is enlarged by the added optics, the variable slit in front of the resolving stage had to be open to pass the entire image, giving a calculated spectral resolution of 10 cm −1 . However, comparing spectra taken in the microconfiguration with the macroconfiguration ͑spectral resolution 3.5 cm −1 ͒, no loss of spectral information could be observed. Hence, the calculated spectral resolution of 10 cm −1 might be overestimated.
The trapping laser ͑a diode laser emitting at 830 nm͒ was guided by a third dichroic mirror ͑DM3͒ through the 60ϫ microscope objective used for the Raman setup and for the monitoring of the sample. Stable trapping was accomplished by overfilling the entrance aperture of the microscope objective. Therefore, a 1:5 beam expander was mounted in the light path of the trapping laser. The beam expander was also adjusted to get the focal point of the 413.1-nm beam and the 830-nm trapping laser to coincide. Safe visual observation/ monitoring of the transmission microscopic image of the sample under white light illumination was accomplished using a CCD chip from a web camera coupled to a PC.
Sample
The growing of E. coli cells containing the expression plasmid encoding wt NGB or its E7Leu mutant has been described previously. 7 Briefly, NGB cDNA cloned in pET3a were mutated using the QuickChange ™ site-directed mutagenesis method ͑Stratagene͒, whereby the E7His was mutated to a Leucine ͑E7LeuNGB͒. The wt and mutant NGB expression plasmids ͑cDNA of NGB in pET3a͒ were transformed into E. coli, strain BL21͑DE3͒pLysS. The cells were grown at 298 K in TB medium ͑1.2% bactotryptone, 2.4 % yeast extract, 0.4 % glycerol, 72-mM potassium phosphate buffer pH 7.5͒ containing 200-g/ml ampicilin, 30-g/ml chloramphenicol, and 1-mM d-amino-levulinic acid. The culture was induced at A 550 = 0.8 by the addition of isopropyl-1thio-D-galactopyranoside of the final concentration of 0.4 mM, and expression was continued overnight. 5 The fresh cells were washed and put in a suspension of the washing buffer ͑5-mM glucose, 25-mM Tris pH 8, and 10-mM EDTA͒. A drop of the cell suspension was put in the flow cell directly before the measurements started. The cell suspension was either taken directly from the batch ͑E7 LeuNGB͒ or diluted between 10 2 to 10 6 times ͑NGB͒, depending on the experiment.
Results
The first question addressed in this work was if it is possible to monitor single bacteria. In a previous study we showed that the microresonance Raman setup works very well to study the oxygenation cycle of hemoglobin in erythrocytes. However, red blood cells are large ͓typically 80 to 96 m 3 ͔ and contain on average 300· 10 −13 g hemoglobin. 36 Considering that human hemoglobin contains four heme groups, the total heme concentration in erythrocytes is around 17 mM. E. coli cells are much smaller ͓typically 1 m 3 ͔37 and the E. coli cells overexpressing NGB used in these experiments have, on average, globin ͑and hence heme͒ concentrations of around 2 to 4 mM. In a first step, we therefore compare the quality of resonance Raman spectra from different numbers of trapped E. coli cells overexpressing wt NGB. The concentration of cells was varied by altering the dilution from 10 2 and 10 3 to 10 6 . A drop of 100 l of the diluted bacteria suspension was put directly on a cover glass. The number of cells in the optical trap is determined from the optical microscopy image prior to switching to the Raman mode. Similarly, the cells were checked for lysis before and after illumination. Since the E. coli bacteria are known to lyse very fast after cell death, this can be used as a measure to determine whether the cells are still alive. The excitation and backscattering collection system consists of an inverted microscope equipped with a 60ϫ water-immersion objective ͑NA= 1.2͒. DM1 leads the laser line into the microscope. The Raman backscattered light is guided into a Dilor XY800 Raman spectrometer by a second dichroic mirror ͑DM2͒, passing a 10ϫ objective to match the f ratio of the spectrometer entrance. The trapping laser ͑830 nm͒ is guided by DM3 through the 60ϫ microscope objective. A 1:5 beam expander is mounted in the trapping laser beam to assure stable trapping and to bring together the foci from the different lasers. The sample is monitored by a web camera. The microfluidic system, a Plexiglas ring ͑ =5 mm, h=0.5 mm͒ with an in-and outlet sealed between two cover glasses, is flushed with buffer by a continuous pump, equipped with a switch and connected to buffer containers ͑80 ml͒ purged with air or N 2 .
The results are depicted in Fig. 2 , showing that the resolution of the setup is adequate to record resonance Raman spectra from a single, optically trapped bacterium. The signal increases with the number of trapped cells and is considerably lower when the optical trap is off. Remarkably, if only one cell is trapped, the signal decreases while the noise increases. This is due to the fact that the area of a single trapped bacterium ͑ =1 m͒ is smaller than the focused laser spot.
Hence, also light reflected from the glass/water interface can be recollected. This is not the case when the whole measurement volume is filled with a dense population of cells. The 4 band at 1361 cm −1 , the iron oxidation state marker, is in all spectra the most dominant feature. When the optical trap and the flow are off, it is the only band detected, even with a high density of cells in the suspension ͑data not shown͒. The same is true if only a single or a few cells are trapped while a flow is applied through the flow cell. Using the optical trap to assemble a high density of cells within the Raman focus, the signal-to-noise ratio ͑SNR͒ of the spectra can be increased substantially ͑Fig. 2͒. Even though ϳ10 to 20 cells should be sufficient to fill the laser spot in the focal xy plane, the signal continues to increase for a larger number of cells, mostly because of the contributions from other ͑out of focus͒ planes, as the focus of the laser beam is elongated along the z direction. During the initial test measurements, it was also found that only fresh cell suspensions gave a good SNR in the Raman spectra. This was clearly linked to the increasing cell lysis upon aging of the suspension. Furthermore, cell lysis is possibly enhanced under laser illumination and the level of cell disruption may in addition depend on the type of protein that is overexpressed in the cells, as is discussed later.
Secondly, we conducted an experiment where resonance Raman spectra of as-harvested E. coli cells were compared with spectroscopic data obtained earlier on the system and on the purified proteins. Previous studies, many of them involving some of the present coauthors, have led to a clear spectroscopic identification of neuroglobin and some of its mutants. 4, 5, 7, 16, 20, 22, 38 Furthermore, both wt and E7Leu NGB are fully folded in the cytoplasm of the E. coli cells and are as such extracted from the cell lysate upon purification. 7 We can therefore validate in detail the information obtained in our setup to probe possible corruption of the data by laser-induced processes. Figure 3 ͑upper trace͒ shows the resonance Raman spectrum from E. coli cells overexpressing wt NGB. In this case, the washed cell suspension was diluted 50 times with buffer. In an earlier work, we showed that during protein expression in E. coli, the metabolism of the cells gradually shifts from aerobic to anaerobic respiration, since all available O 2 is consumed by the increasing population of cells. 5 Nitrate reductase is then induced, causing nitrate to be reduced to nitrite and further to nitric oxide ͑NO͒. The E. coli cells under study are grown under these conditions. Using a combination of absorption spectroscopy and electron paramagnetic resonance ͑EPR͒, we proved earlier that wt NGB overexpressed in E. coli cell cultures favors the F8His-Fe 2+ -E7His conformation, whereby only a small fraction of the protein binds NO. 5, 22 The present resonance Raman spectra taken from a group of optically trapped E. coli cells overexpressing wt NGB ͑upper trace, Fig. 3͒ confirm that the globin is in a reduced state, where no oxygen is bound to the heme, since the oxidation state marker 4 is found at 1361 cm −1 . The 3 band is found at 1493 cm −1 , confirming that the heme is in a hexacoordinated low spin form. 4, 38 Furthermore, the measured spectrum agrees well with earlier resonance Raman studies on the purified NGB, revealing that the globin is in its bishistidine coordinated form in the deoxy ferrous state. 4 The acquisition time in the experiment was set to 60 s per spectrum. In our previous absorption and EPR study, we showed that the nitrosyl ferrous form of E7Leu NGB is readily observed in E. coli cells overexpressing this mutant, since the competition with the distal histidine has now disappeared. 5, 22 Figure 3 ͑bottom trace͒ shows the resonance Raman spectrum of the trapped E. coli cells overexpressing E7Leu NGB. Fewer and broader bands are observed than in the previous case and a high fluorescence background is present. Also, the cell suspension is considerably less diluted ͑4 ϫ ͒ and more cells had to be trapped to get a sufficiently resolved Raman spectrum. This parallels the somewhat lower protein expres- sion in this case ͑ϳ10% ͒. Furthermore, the 4 band at 1359 cm −1 and the 3 band at 1470 cm −1 indicate that the heme is in the five-coordinated ferrous high-spin form as could be easily confirmed from a comparison with the resonance Raman spectrum of E7Leu NGB reduced with dithionite ͑not shown͒. This observation contrasts the EPR and absorption findings for these cell suspensions. This indicates that, besides the decreased stability of the E. coli cells against lysis ͑apparent from fluorescence background and visual cell lysis on microscope images͒, the local laser power is causing the Fe-NO bond to break ͑photochemistry͒. In contrast, the Fe-His bond is known to be far more stable against photodissociation. This experiment thus shows that photoinduced cell degradation and photodissociation can put a limit on the applicability of the technique and has to be monitored closely to avoid corruption in the interpretation of results.
In a third experiment, the influence of the cell environment on the globin was investigated. In our previous study, it was shown how the oxygenation process of a single erythrocyte under changing oxygen concentrations could be followed in time. 26 In the next step, we wanted to investigate if the envi-ronmentally induced changes of the oxidation/oxygenation state of the NGB variants could be monitored in E. coli cells. Therefore, the E. coli bacteria overexpressing wt NGB were exposed to a flow of air-purged buffer. Time series of spectra were taken to see how the bacteria react to environmental changes ͑Fig. 4͒. The power of the Raman excitation line at 413.1 nm into the microscope objective was measured to be 0.43 mW, whereas the power of the trapping laser ͑830 nm͒ was 40 mW. The optical trap assembled the cells at the focal point of the collection spot and kept the cells in place while the flow was applied. The integration time was set to 40 s, and the spectra were recorded subsequently with no time delay in between, to register spectral changes over time. It was possible to work with the same sample for 75 min without any photoinduced degradation of the sample or cell lysis. Approximately 20 cells were in the optical trap. The flow of the air-purged buffer ͑1 l / min, flow-cell dimensions: =5 mm, h = 0.5 mm͒ was put on and off twice, while the subsequent shift of the 4 band in the resonance Raman spectra was recorded. When the cells are flushed with air-purged The graph shows the ratio between the 4 band at 1361 and 1374 cm −1 , respectively, giving a measure of the oxygen binding to the wt NGB. The inset shows the position of the 4 band for the oxy and the deoxy state from which the ratio was taken.
buffer, the 4 band shifts from 1361 to 1374 cm −1 . 4 = 1361 cm −1 identifies uniquely the reduced deoxy ferrous form of the globin, whereby 4 = 1374 cm −1 agrees with both the oxy ͑His-Fe 2+ -O 2 ͒ and the met ͑Fe 3+ ͒ form. 4 The transfer between the forms is represented in Fig. 4 by the change in the ratio between the intensity values at 1361 and 1374 cm −1 .
The time span measured for the trapped cells to go from a clear deoxy state to a mixture between the deoxy and oxy form was around 2 min. When the flow was turned off, it took approximately 20 min for the cells to return to the reduced state again. From the graph, it can be seen that the cells are striving to be in the reduced state, and even when flushed with oxygen a pure oxy state is never observed in the spectra ͑data not shown͒. It is intriguing that wt NGB returns to a completely reduced state, although there should remain some oxygen in the flow cell, and the autoxidation rates are known to be very high from in vitro studies on purified NGB. 7 Note that recorded time series of spectra of the E. coli did not reveal any photochemistry at the applied power.
The experiment was repeated for the E. coli cells overexpressing the E7Leu NGB mutant, giving a quite different result, as can be seen in Fig. 5 . The results are worth presenting, since they show that great care has to be taken to avoid misinterpretation of the results retrieved with the applied technique.
The recorded spectra are taken from about 100 trapped E. coli cells in a very dense cell suspension, i.e., the cell suspension was not diluted from the beginning. The high density of cells in the trap was achieved by carefully collecting bacteria while scanning the sample. In this case, a flow of air-purged buffer was started after the recording of the second spectrum. The laser power was 0.3 mW. An immediate increase of the 4 band at 1374 cm −1 can be observed in Fig. 5 . After three more spectra, this band disappears again for two spectra and then increases again. The disappearance of the 1374 cm −1 is accompanied by an increase in the signal-to-noise ratio. As mentioned before, the concentration of bacteria in the flow cell is very high to get a good signal; hence due to the flow, neighboring cells can be dragged into the focus of the trapping beam and give rise to the unexpected flipside shift of the 4 band. These fluctuations could also be observed on the microscope image. However, the decrease of the signal and the shift of the 4 peak to 1374 cm −1 imply that the sample is degrading quickly, despite of the access of fresh cells. This leads to the conclusion that when oxygen is abundant in the flow cell, the photoinduced degradation of the sample may even be accelerated. The observation that the Raman signal decreases significantly while the fluorescent background disappears over time is unexpected. As mentioned earlier, the E. coli bacteria overexpressing E7Leu NGB are extremely receptive to lysis, and only very fresh samples can be used in the experiments. Hence, the most likely explanation for the loss in signal, both Raman and the fluorescent background, is the ongoing lysis of the cells, which might be accelerated by the Raman-laser illumination, since the E. coli absorb significantly at 413.1 nm. Due to lysis, the content of the bacteria will diffuse into the flow cell instead of being assembled in the trapping focus. Further, it is obvious that the E. coli overexpressing the E7Leu NGB are more delicate and susceptible to photoinduced chemistry than E. coli overexpressing wt NGB.
Discussion
In a previous study, we presented the possibility of monitoring the oxygenation cycle of hemoglobin within single functional erythrocytes. 26 A double microscope configuration, equipped with two separate microscope objectives, was used to separate the optical trap from the Raman spectrometer. The reason for this was that the spectrometer was initially equipped with an upright microscope, and hence it was necessary to fine tune the optical conditions of each process individually to enable the integration of the microfluidic system. The method showed potential, but the oxygenation cycle was triggered by the addition of sodium dithionite, which resulted in a protein denaturation after one and a half cycles. 26, 27 In the present study, the spectrometer did not have a microscope integrated to start with, and hence an inverted microscope could be added and the same objective could be used for optical trapping and the recording of Raman spectra. Furthermore, the flow through the gas-tight microfluidic system was generated by a continuous pump. This gives the possibility to switch between aerobic or anaerobic conditions, resembling physiological circumstances more than adding sodium dithionite into an open channel system. The time series presented in Fig.  4 shows that the state of the art equipment provides conditions that keep the cells functional over long periods of time, and hence it allows for the reversible monitoring of the oxygenation cycle of heme proteins.
The microfluidic system provides an ideal system to vary simultaneously or separately different aspects such as gas and salt concentrations and pH. In general, fluidic setups are required to be able to study continuously the influence of these varying circumstances, independently, whether one aims at a macroscopic or microscopic detection of the changes. Such a fluidic system implies fixation of the cells. The fixation of the cells using optical tweezers avoids cell damage that is known to occur when cells are immobilized to poly-lysine covered glass slides. 27 It allows, in combination with an optical microscope, for the selection and fixation of well-defined numbers of cells for the experiment, which is exactly the ultimate aim. The choice for a microscopic detection method is in this case evident. In comparison with absorption spectra, the resonance Raman spectra of globins are in principle richer in information. Moreover, the focusing of the laser light in resonance Raman is more optimal than the focusing obtained in a microabsorption setup, where the large range of wavelengths needed for the experiment limits the focus characteristics. Therefore, the combined resonance Raman setup has in principle clear advantages over other techniques when observation of globin molecules in cells is targeted.
Here, it is demonstrated that the system is indeed suitable to study E. coli bacteria overexpressing NGB in vivo on the singe-cell level, but the signal-to-noise ratio is low ͑Fig. 2͒. When the flow is started, the optical trap has to be applied not only to keep the cells in place but also to gather a high density of cells in the focus of the Raman beam to get good quality spectra. It has been demonstrated previously that optical trapping at 830 nm does not harm E. coli bacteria, and therefore it is an ideal immobilization tool, especially in combination with a microfluidic system. 33 The performance of the setup is limited by different factors. If the cell concentration in the suspension is too high, new cells can be dragged into the optical trap easily, corrupting the data in the time series ͑Fig. 5͒. Higher concentrations may, however, be necessary for cells with low protein expression needing a larger amount of cells in the trap to obtain a good quality spectrum. Furthermore, laser-induced cell lysis can put a limit to the applicability of the technique, and the trapped cells should be monitored by optical microscopy before and after the experiment. The approach can give insight on a cellular level, as is evident from the experiments on E. coli cells overexpressing wt NGB ͑Fig. 4͒.
As stated in the introduction, the current study was triggered by the discovery that an enzymatic system is present in E. coli and in eukaryotic cells that is capable of reducing NGB. 23 If we can develop a method that allows detection of the heme state of NGB in cells, we open the way of studying the behavior of the full NGB and enzyme system under vary-ing conditions in a cell. To test the feasibility of using a microresonance Raman setup for these purposes, we focus in this study on the analysis of E. coli cells overexpressing wt NGB. In our in vitro studies, we found that the lysates of E. coli cells can reduce ferric wt NGB. 24 After the breaking of E. coli cells overexpressing wt NGB, an immediate formation of oxygenated wt NGB was observed due to the sudden presence of oxygen, but wt NGB was soon after found to return to the reduced state, despite the continuous exposure to air and despite the high autoxidation rate of NGB. 7 Different experiments involving fractionation of the lysate, addition of tripsine or cofactors, showed unambiguously that the reducing agent is an enzyme.
The microresonance Raman experiments confirm that wt NGB is in a ferrous bis-histidine coordinated state in the E. coli cells grown under anaerobic circumstances, as was observed earlier 5, 22 ͑Fig. 3͒. Flushing with an oxygen-rich buffer induces the formation of oxygenated ͑or even oxidized͒ NGB, as could be determined from the shift of the 4 band ͑Fig. 4͒.
However, based on the high autoxidation rate of NGB, 7 one would expect at least partial oxidation of the NGB molecules in the cell. In contrast, when the oxygen flush is stopped, NGB is again reduced to the initial ferrous form. A full shift from the oxy form back to the deoxy form within 20 min after the stop of flow might be partially explained by the fact that the cells are consuming dioxygen at a high rate, but it cannot explain the lack of autoxidation of the protein under oxygenrich conditions. The latter parallels the in vitro observations and shows that we have in principle a tool of measuring the coordination and oxidation state of globins. 24 However, to differentiate between the oxygenated and oxidized form of wt NGB, higher resolution resonance Raman spectra need to be taken, since the most prominent 4 and 3 bands do not allow for a differentiation between these forms. This implies an increase in measuring time and thus increases the time between spectra in a time series. Furthermore, the results can be corrupted by the technique itself, as became apparent from comparing the results on E. coli cells overexpressing wt NGB with those of the bacteria overexpressing E7 LeuNGB. Despite the fact that both proteins are not naturally abundant in the E. coli cell and may thus influence the host cell, and that in both cases the E. coli bacteria are found to be receptive to lysis, the lysis effect is considerably more pronounced for the E. coli cells overexpressing the E7Leu mutant than the wt globin. In the former case, even fresh samples show a high fluorescent background in the resonance Raman spectra, and many expected Raman bands cannot be resolved. The observation indicates that the cells are decomposing and the released DNA as well as the photodegradation of the heme give rise to the increased fluorescence. Furthermore, it is not possible to record spectral time series of these cells because of protein and cell degradation ͑Fig. 5͒. Our earlier absorption studies revealed that in E. coli cells overexpressing the NGB E7Leu mutant, the globin is found to be predominantly in a NO-ligated ferrous form. 5, 38 The local laser power needed for the present in vivo resonance Raman experiment is shown to dissociate the Fe-NO bond ͑Fig. 3͒. This will cause a sudden release of NO in the cell, which may well contribute to the higher receptivity to protein and cell degradation in compari-son to the cells overexpressing the wt NGB, which is predominantly in the ferrous form. Furthermore, the NO-ligated ferrous forms of globins are known to absorb stronger at 413 nm than the bis-histidine coordinated ferrous form of heme proteins. 22 This may induce a higher local heating of the cell, which again can contribute to the increased susceptibility to lysis of the cell. One should also note that the quantum efficiency for NO-ligated globins is in general lower than for O 2 or CO-ligated globins. 39 The current fast photodissociation is thus undoubtedly related to overall protein degradation due to lysis, and the formation of the 4 band at 1374 cm −1 is thus most probably related to the formation of ferric heme. Apart from the susceptibility of the E7Leu mutant toward photoinduced chemistry, the high density of cells necessary for measurements causes problems. Fresh, close cells can be dragged into the optical trap, which can lead to a misinterpretation of the oxygenation state of the cells, especially when the flow is applied.
Conclusions
In conclusion, we show that a microresonance Raman spectrometer combined with optical tweezers and a microfluidic system allows for the reversible monitoring of oxygenation and redox cycles of heme proteins on a microscopic level in bacterial cells. This allows us to study not only the NGB system presented here under varying exposure of the E. coli cells to buffer purged with relevant ligands, but it also opens the way to study bacterial, Archaea, or eukaryotic globins in their native cells in the future. However, the present study also shows that photoinduced damage and low protein concentrations may put a serious limit to the method. These factors are system-bound and it is at all times necessary to monitor the validity of the data by checking the cells via optical microscopy and comparing the start and end point measurements with ͑macroscopic͒ absorption experiments.
